Platelets bind annexin V when stimulated with combinations of platelet agonists such as collagen and thrombin. Previous studies have demonstrated significant heterogeneity of platelets binding annexin V. The relative role of the thrombin protease-activated receptors (PARs) PAR1 and PAR4 together with different methods of platelet preparation on annexin V binding to platelets is unclear. We therefore investigated the role of PAR1-and PAR4-activating peptides in combination with collagen-related peptide on annexin V binding. In diluted whole blood, PAR1-and PAR4-activating peptides were as effective as thrombin in inducing annexin V binding. However, in washed platelets, PARactivating peptides were less potent than thrombin at inducing annexin V binding. This difference was more pronounced when experiments were performed at 37  C compared to room temperature. In studies of diluted whole blood, platelet rich plasma and washed platelets, platelets incubated at room temperature bound more annexin V than platelets incubated at 37  C. We also saw a significant effect of time on annexin V binding, in that more annexin V bound to platelets with longer incubation times.
Introduction
The stimulation of platelets with collagen in combination with thrombin is a powerful way to activate platelets, resulting in the exposure of a procoagulant, negatively charged surface [1, 2] . As techniques such as flow cytometry emerged, allowing large scale studies of single cells, several studies showed that activation of platelets by thrombin and collagen gave rise to a distinct subpopulation of platelets expressing phosphatidylserine (PS) [3, 4] . Other combinations of platelet agonists, such as thrombin and convulxin [5] or thrombin and Fc receptor engagement [6] were also shown to induce formation of platelet subpopulations.
The most common marker identifying "procoagulant" platelets is fluorescently labelled annexin V, a protein that binds to the head group of anionic phospholipids such as phosphatidylserine [7, 8] . In the majority of studies reported so far, washed or gel-filtered platelet suspensions have been investigated. The relative proportion of annexin V-positive platelets varies markedly, from a few percent [4, 9] up to 70% [10] . There are a limited number of studies investigating annexin V binding in whole blood [11, 12] .
These studies report binding of annexin V to platelets after stimulation with collagen alone [12] or collagen in combination with ADP [11] , but the relative proportion of subpopulations were not described. The relative role of thrombin induced activation of platelets through Glycoprotein Ib (GPIb), PAR1 and PAR4 in the formation of subpopulations that bind annexin V is unclear, with conflicting results reported in the literature [13] [14] [15] . The preparation of platelet suspensions [16, 17] and the assay temperature [18] have been suggested to play a role in the flow cytometry analysis of platelet activation and annexin V 4 binding, but to the best of our knowledge have not been characterised in detail.
Our aim was to compare annexin V binding to platelets activated by collagenrelated peptide (CRP) with simultaneous ligation of the thrombin receptors using thrombin, PAR1-activating peptide (AP), PAR4-AP or combinations of CRP with thrombin or PAR-activating peptides. Our second aim was to evaluate if differences in the preparation of platelet suspensions, incubation time and incubation temperature could explain some of the variations noted in platelet annexin V binding.
We found that PAR-activating peptides were as efficient as thrombin in inducing annexin V binding in combination with CRP when using diluted whole blood and platelet rich plasma, but that these peptides did not induce annexin V binding in combination with CRP when used in washed platelet suspensions. Annexin V binding to platelets was higher at room temperature and increased with longer incubation times.
Methods

Reagents
Human α-thrombin was from Enzyme Research Laboratories (South Bend, IN, USA). The thrombin PAR1 receptor activating peptide (PAR1-AP), sequence SFLLRN, and PAR4-AP, sequence AYPGKF, were synthesised using standard solid phase F-moc chemistry. The collagen-related peptide (CRP) with the sequence Gly-Cys-Hyp-(Gly-Pro-Hyp) 10 
Blood collection
Following informed consent, venous blood was collected with minimal trauma from healthy adult volunteers, who had not taken any anti-platelet agents in the preceding two weeks. ATU/ml). The first 3 ml of blood were discarded.
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To prepare platelet rich plasma (PRP), citrated whole blood was centrifuged for 10 minutes at 150 g. For washed platelets, blood was collected in 15% (v/v) acid citrate dextrose (ACD, 38mmol/l citric acid, 75mmol/l Na citrate, 124mmol/l dextrose) and washed platelets prepared as previously described [19] . To compare the effect of temperature on annexin V binding, we incubated samples from the same donors at both room temperature and 37C. The samples were either kept at room temperature or incubated at 37C in a water bath or heating block for 30 minutes and the reaction stopped by dilution with 1 ml of HEPES buffer.
Platelet activation and annexin V binding
In previous studies, a number of platelet preparations and incubation times have been used. To characterise the effect of platelet preparation, we compared annexin V binding to platelets in diluted whole blood, platelet rich plasma and washed platelets. To characterise the effect of incubation time, diluted whole blood samples were investigated as described above. After 5, 15, 30 and 60 minutes, 20 µl aliquots were removed after mixing and added to 500 µl of HEPES buffer. The samples were then immediately analysed by flow cytometry. 
Quantification of annexin V binding by flow cytometry
Statistic analysis
Statistic analysis was performed using GraphPad Prism (GraphPad Software, Inc., La Jolla, CA, USA). For multiple comparisons of paired data, repeated measures ANOVA was used with Bonferroni or Dunnett post-hoc tests. 
Results
The thrombin receptors PAR1 and PAR4 both induce annexin V binding in combination with collagen-related peptide
Platelet binding of annexin V binding is similar in different platelet preparations
As demonstrated in Figure 2 , we found that the PAR-activating peptides induce annexin V binding to platelets in diluted whole blood. We next 
Platelet binding of annexin V is lower at 37C than at room temperature
Since temperature affects platelet function, we compared annexin V binding in samples incubated at 37C with samples incubated at room temperature.
When compared to the samples incubated at room temperature ( Figure 3A) , samples incubated at 37C ( Figure 3B ) showed significantly lower annexin V binding (p<0.01 for whole blood and PRP, p<0.05 for washed platelets).
Platelet microparticle formation correlates to annexin V binding
We found a strong linear correlation between annexin V binding (MFI) and platelet microparticle formation for diluted whole blood samples (r 
Thrombin, but not PAR-activating peptides induce annexin V binding in washed platelets at 37C
As shown in Figures 3A and 3B , there was a significant increase in the level of annexin V binding to washed platelets in response to thrombin, but not to the PAR-activating peptides, with almost no annexin V binding in response to CRP+PAR-activating peptides at 37C (p<0.05). In all other conditions, the combination of thrombin with the PAR-activating peptides induced the same level of annexin V binding.
Annexin V binding to platelets activated with calcium ionophore A23187 is also lower at 37C.
Platelets activated with the calcium ionophore A23187, an agonist known to result in a uniform high binding of annexin V to platelets, was used as a positive control in each experiment. This treatment always produced one single population of annexin V-positive platelets. However, in accordance with the results shown in Figure 3 , the mean fluorescence intensity (MFI) for the annexin V-binding platelets was significantly lower in samples incubated at 37 for all platelet preparations (see Table I ).
Annexin V binding to platelets increases with incubation time
As the incubation times differ between published studies, we studied how the length of the incubation time affected annexin V binding. As shown in Figures   4A and 4B, the binding of annexin V to platelets increased with time. In samples incubated at room temperature ( Figure 4A ), the binding of annexin V seemed to increase even after 60 minutes. Samples incubated at 37C
( Figure 4B ) had less annexin V binding and a less marked increase with time.
Assay variability
The coefficient of variation (CV) for duplicate samples was low when CRP was combined with either PAR1-AP or PAR4-AP (n=36), both for % annexin V-positive platelets (CV = 1.9%, mean = 49.9%) and % high level binding 13 platelets (CV = 3.6%, mean = 32.6%). As expected, the CVs were even lower for samples highly activated with A23187 (n=8), 0.06% for % annexin Vpositive platelets (mean = 99.9%) and 0.2% for % high level binding platelets (mean = 99.3%), while the CVs for samples with a low degree of activation using only one agonist (n = 48) was considerably higher, 7.6% for % annexin V-positive platelets (mean = 18.3%) and 24.1% for % high level binding platelets (mean = 5.9%).
Discussion
The results of the present investigation demonstrate that activation of either Instead, our results are consistent with those of Keuren et al [15] who reported that GPIb was not required for annexin V binding. We found that specific PAR1-and PAR4-activation induced similar levels of annexin V binding when combined with CRP. This is in contrast to the findings of Keuren et al who concluded that PAR1 activation was a prerequisite for platelet procoagulant activity [15] . The study by Keuren et al used washed platelets, and this may explain the divergence in results.
The binding of annexin V to platelets activated with only thrombin or any of the PAR-activating peptides was low, in agreement with previous studies that used thrombin alone [20, 21] . In contrast, higher numbers of annexin Vbinding platelets have been reported in studies where platelets were exposed to thrombin at room temperature [22] . In diluted whole blood samples, collagen-related peptide induced a significant low level binding of annexin V that increased over time, but with fewer platelets transferring into the high level binding state in the absence of a thrombin receptor activator. This is in agreement with previously published studies using diluted whole blood, which showed significant numbers of annexin V-positive platelets in samples activated with collagen alone [12] or in combination with ADP [11] .
The precise mechanism underlying the synergistic effects of PAR1 and PAR4
with CRP are not clear [23] . There are significant similarities in signalling between both pathways as they activate phospholipase C (PLC), which results in the generation of inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG).
IP3 mediates the release of Ca 2+ from intracellular stores, whereas DAG causes direct protein kinase C (PKC) activation. A recent study by Nagy et al showed that activation of both GPVI and PAR induced phosphorylation on PKC- [24] . Marjoram et al also recently demonstrated a PLC dependent enhanced adhesion to a collagen related peptide by PAR peptides [23] .
Together these results may explain in part the synergistic effect of both agonists.
It has been suggested that the preparation of platelet suspensions may cause activation or priming of the platelets [16, 17] . Therefore, we did a comparative study in platelets from whole blood, platelet rich plasma and washed platelets.
When comparing samples activated with CRP and thrombin, no major differences in annexin V binding were observed, suggesting that, at least in our hands, preparation of platelet suspensions does not have an effect on annexin V binding.
We found that the annexin V binding increased over time following the activation of the platelets, up to 60 minutes. Also, the assay temperature had significant effects on the number of annexin V-positive platelets. This effect was consistent for all agonists including platelets maximally stimulated with calcium ionophore. This suggests that the binding efficiency of annexin V to the platelet membrane changes with different temperatures. As the binding of annexin V to phospholipid bilayers is a strongly exothermic reaction [7] , a lower temperature may result in more annexin V being bound to the membrane. However, the observation that microparticle formation is also higher in samples incubated at room temperature suggests that this is not the sole explanation for the observed differences. Further studies are needed to clarify the mechanisms behind these differences.
Conclusion
In conclusion, both PAR1-and PAR4-activating peptides and thrombin 
